Abstract: Grosmannia serpens was first described from pine in Italy in 1936 and it has been recorded subsequently from many countries in both the northern and southern hemispheres.
INTRODUCTION
Species of Leptographium Lagerb. & Melin are anamorphic Ascomycota that are characterized generally by dark single and erect conidiophores terminating in complex conidiogenous apparatuses Wingfield 2001, Kendrick 1962) . Leptographium is well adapted for insect dispersal by producing conidia in slimy droplets at the apices of these conidiophores. More than 20 species of Leptographium are known to have teleomorphs accommodated in the genus Grosmannia Goid. (Zipfel et al. 2006) , but the sexual states are not known for at least an additional 50 species.
Leptographium and Grosmannia have a worldwide distribution and the majority are known from conifer hosts (Grosmann 1931 , Harrington 1988 , Jacobs and Wingfield 2001 Tris-HCl pH 8.0. Of the diluted DNA solution, 2 µL was used as template for PCR reactions. The remainder was stored at −20 C.
Five gene regions were amplified for sequencing and phylogenetic analysis. The internal transcribed spacer region 2 and partial large subunit (ITS2-LSU) of the ribosomal DNA was amplified with primers ITS3 and LR5 (White et al. 1990 ). Part of the actin gene (ACT) was amplified with primers Lepact F and Lepact R (Lim et al. 2004) . A portion of the β-tubulin gene (βT) was amplified with primers T10 (O'Donnell and Cigelnik 1997) and Bt2b (Glass and Donaldson 1995) , and part of the translation elongation factor-1 alpha (TEF-1α) was amplified with primers EF1-F and EF2-R (Jacobs et al. 2004) . PCR with the calmodulin (CAL) primers CL1 and CL2a 
Phylogenetic analyses.-To examine the relatedness of G. serpens-like isolates with other species of
Grosmannia and Leptographium ITS2-LSU sequences were compared with sequences of 66 species obtained from GenBank. For the final ITS2-LSU dataset only one isolate representing each of the G. serpens-like groups was included. Sequences of six species of Ophiostoma were used as outgroup. The ITS2 and LSU data were separated from each other and a partition homogeneity test (PHT) was conducted on the two datasets to test the congruence of the two regions with PAUP* 4.0b10 (Swofford 2003) .
For the protein-coding genes (ACT, βT, CAL and TEF-1α) sequences of the G. serpens-like isolates were analyzed with L. neomexicanum M.J. Wingf., T.C. Harr. & Crous (CMW 2079) as outgroup, which was selected based on analyses of the ITS2-LSU data. Alignments were done with an online version of MAFFT 6 (Katoh and Toh 2008) . To examine the possibility of combining ACT, βT, CAL and EF-1α data a PHT was conducted with PAUP* 4.0b10 (Swofford 2003) . A heuristic search of 1000 replications was performed using the same software with parsimony default settings. Sequences for the protein-coding genes were analyzed separately as well as in a combined dataset. All datasets were subjected to maximum parsimony (MP), maximum likelihood (ML) and Bayesian inference (BI) analyses as described below.
MP analyses were performed with PAUP* 4.0b10 (Swofford 2003) . One thousand random stepwise addition heuristic searches were performed with tree-bisection-reconnection (TBR) as the branch-swapping algorithm. All characters were unordered and of equal weight. Gaps were excluded. Branches of zero length were collapsed, and all equally parsimonious trees were saved. The robustness of resultant trees was evaluated by 1000 bootstrap replications. Tree length (TL), consistency index (CI), retention index (RI), homoplasy index (HI) and rescaled consistency index (RC) were calculated for the resulting trees.
ML analyses were performed with an online version of PhyML 3.0 (Guindon and Gascuel 2003) . The best fit substitution models were determined with jModelTest 0.1.1 (Posada 2008) . Confidence supports were estimated with 1000 replication bootstrap analyses.
BI analyses employing a Markov chain Monte Carlo method (MCMC) were performed with MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003) . Evolutionary models were determined with jModelTest 0.1.1 (Posada 2008) and manually converted to MrBayes models. Four MCMC chains were run simultaneously from a random starting tree for 5 000 000 generations. Trees were sampled every 100th generation. After the runs burn-in values were determined with Tracer 1.4 (Rambaut and Drummond 2007) . Trees sampled at burn-in were discarded, and posterior probabilities were calculated from a majority rule consensus tree regenerated from the remaining trees.
RESULTS
Phylogenetic analyses.-The number of characters, the substitution models used and other statistical values resulting from the different analyses of the respective datasets are presented (TABLE II) . The LSU sequences of our isolates were identical, apart from the three UK isolates that differed by 1 bp. The ITS2 sequences of the UK isolates also differed by 2 bp from the other G. serpens-like isolates, and one of these differences was shared with isolates from Spain and the Dominican Republic. Because the PHT did not show that the nuclear rDNA datasets were incongruent (P = 0.05) the ITS2 (180-181 bp) and partial LSU sequences (383 bp) were analyzed together. ML (FIG. 1) , MP and BI analyses of the ITS2-LSU dataset resulted in trees with similar topologies in the main clades with some variability within some of the subclades. In all trees the five G. serpens-like isolates formed a single, poorly supported lineage referred to here as the G. serpens complex. This complex formed part of a larger, more strongly supported lineage in Grosmannia that included seven other species including L. neomexicanum and the three varieties of L. wageneri (FIG. 1) .
Sequences obtained for the four protein-coding genes (ACT, βT, showed substantially more variation among our study isolates than was present in the ribosomal sequences. The majority of polymorphic sites for these gene regions were present in the introns (FIG. 2) . ACT was the only exception, where five polymorphic sites were situated in the intron and seven in the exons. MP, ML and BI analyses of the separate proteincoding datasets resulted in trees with similar topologies (FIG. 3) . In all trees the G. serpenslike isolates separated in five well supported lineages.
The PHT revealed no conflict (P = 0.057) among the sequences of the protein-coding genes, and these fragments were combined in a single dataset containing 2577 characters (TABLE II) . Trees resulting from MP and BI analyses of this combined dataset had the same overall topology as the ML tree provided (FIG. 4) . Similar to the results from the four separate gene regions (FIG. 3) , the phylogenetic trees obtained from the combined dataset (FIG. 4) showed five distinct, well supported lineages in the G. serpens complex. The first lineage in these trees, identified as G. alacris (FIGS. 3, 4) Commentary: Our results demonstrate that the earlier synonymy of this species with L. serpens (Wingfield and Marasas 1981 ) is incorrect. Morelet (1988) 
DISCUSSION
Multigene sequence data generated in this study provided strong phylogenetic evidence supporting five cryptic species in G. serpens complex. Of the five gene regions used, only ITS2-LSU data did not distinguish among the species. This was not unexpected however because authors (Lim et al. 2004 , Paciura et al. 2010 failed to gain effective resolution of species in the Grosmannia-Leptographium complexes using this gene region. In contrast sequence data from the four protein-coding genes strongly supported the separation of the five species. In the case of the ACT dataset the type isolate (CMW 2844) of G. alacris was separated from the other G. alacris isolates (FIG. 4) due to transition at two base pair positions (FIG. 2) . The low sequence variation in this gene region allows such small changes to affect the resulting trees. However this isolate grouped in the G. alacris lineage for all three of the other protein-coding genes and this was also true in the combined dataset. Among the four protein-coding genes used in this study, βT and TEF-1α are the most variable regions and thus the most informative phylogenetically. Although the CAL gene was slightly less variable than βT and TEF-1α, the region complemented the other gene regions well. New primers developed in this study to amplify a portion of the CAL gene for this species complex might prove useful in studies of the phylogeny of other species complexes in Grosmannia and
Leptographium.
Two of the five lineages identified in this study accommodated the ex-type isolates of G.
serpens and V. alacris respectively and thus represented these species. For the latter species the sexual stage was induced to form in culture through pairing of different isolates. This provided material to revive the name of the fungus including a teleomorph state as G. alacris.
Because no sexual state could be obtained for isolates in the remaining three lineages these isolates were described as novel species of Leptographium.
A mating compatibility experiment also confirmed heterothallism in G. alacris. This was a fortuitous discovery because only one of the 10 G. alacris isolates used in mating study was able to cross with the other nine isolates to form sexual structures. It is likely that the other four species in the complex are also heterothallic but that the limited number of available isolates represented only one mating type and thus led to the failure of the matings. This is probably the reason why the sexual state of G. serpens has never been observed in culture (Goidánich 1936 , Hunt 1956 ).
The ex-type isolate of G. serpens grouped in a lineage including other isolates from Italy that were collected and reported as L. serpens in Lorenzini (1977), Lorenzini and Gambogi (1976) and Wingfield et al. (1988) . The morphology of these isolates corresponded with the ex-type isolate that originally was described in the same paper as the genus Grosmannia (Goidánich 1936) . The genus was treated later as a synonym of
Ceratocystis (Hunt 1956 , Moreau 1952 , Upadhyay 1981 and then as Ophiostoma (Harrington 1988 , von Arx 1952 , resulting in G. serpens being treated in both these genera by different authors. Zipfel et al. (2006) showed that Grosmannia (mostly with Leptographium anamorphs) and Ophiostoma (with Sporothrix and/or Pesotum anamorphs) are phylogenetically distinct and reinstated Grosmannia with G. serpens as one of 27 species in the genus. However sexual structures have never been observed for G. serpens subsequent to the first description of the species (Gambogi and Lorenzini 1977 , Hunt 1956 , Jacobs and Wingfield 2001 , Siemazsko 1939 , Upadhyay 1981 , Wingfield and Marasas 1981 .
The original collection of G. serpens was from Pinus sylvestris, and the fungus was described as an agent causing root disease in this tree species (Goidánich 1936) . The species was discovered later also on stained P. pinea wood in Italy (Gambogi and Lorenzini 1977 , Lorenzini and Gambogi 1976 , Wingfield et al. 1988 ). More recently G. serpens was found in association with Tomicus destruens infesting P. pinea and P. pinaster (Sabbatini Peverieri et al. 2006 ) and in coarse woody debris in P. pinea forests in central Italy (Santini et al. 2008 ).
In the latter two studies the fungus was identified based only on morphological characters, but it is probable that these isolates also represent G. serpens. Other reports of L. serpens based on morphology only from the Czech Republic (Kotýnková-Sychrová 1966) and Spain (Pestaña and Santolamazza-Carbone (2010) could represent any of the four cryptic species in the complex present in Europe. DNA sequence data from the original or fresh isolates will be required to confirm these reports.
Verticicladiella alacris, a species originally described in association with pine root disease in South Africa (Wingfield and Knox-Davies 1980, Wingfield and Marasas 1980) , is member of a lineage in our tree (G. alacris in FIG. 4 ) that corresponds with two closely related lineages in a cluster analyses based on isozyme profiles containing the isolate of V.
alacris (C297 = CMW 2844) and several other South African (C56, 297, 304, 306, 307, C141) , USA (153, 169, 175) and Spanish (305) (FIG. 4) . Our results thus suggest that a more accurate position for delineating species would be around 0.9 on the x axis in the dendrogram presented by Zambino and Harrington (1992) . This also would reflect more accurately the cut-off for species in the G. clavigera complex further down on their cladogram as delimited in several multigene and population studies (Alamouti et al. 2011 , Lee et al. 2005 , Roe et al. 2010 , Six et al. 2011 .
Of all species in the G. serpens-complex the newly described G. alacris has the widest distribution, including isolates from France, Portugal, Spain, South Africa and USA. Of these the European isolates were from P. pinaster while in South Africa the species is closely associated with the non-native pine-infesting bark beetles, Hylastes angustatus and Hylurgus ligniperda found on P. elliottii, P. patula, P. pinaster and P. radiata (Wingfield and KnoxDavies 1980 , Wingfield and Marasas 1980 , Zhou et al. 2001 . This strongly implies a European origin for the South African fungus. USA isolates of G. alacris were from P. strobus in Virginia (Lackner and Alexander 1983) and P. taeda in Mississippi (Zambino and Harrington 1992) . There are various root-feeding bark beetles native to USA that carry Grosmannia, so the fungus could be native in that country. Alternatively it could have been introduced into USA. This question has interesting and potentially important quarantine implications and will require further study.
Sequences for G. alacris exhibited a substantial level of variability within each of four protein coding gene regions (FIG. 4) . This is most likely the consequence of widespread recombination resulting from sexual reproduction. The fact that the isolate from Portugal (CMW 623) crossed with isolates from South Africa, USA and Spain supports this hypothesis.
Grosmannia serpens has been reported (based on morphology) from native beetles on P.
taeda and P. palustris from Alabama and Georgia respectively in USA (Eckhardt et al. 2007 , Zanzot et al. 2010 and in low frequencies from the introduced bark beetle, Hylurgus ligniperda, on P. halepensis and P. pinea in California (Kim et al. 2010) . Our results suggest the isolates reported as G. serpens in these studies might represent G. alacris. In the study of Kim et al. (2010) a partial ITS2-LSU sequence was produced for a single isolate. When compared with sequences generated in this study those of Kim et al. (2010) shared two unique base pairs in the LSU region with L. castellanum. However because sequences for this gene region do not distinguish among all five cryptic species in the complex sequence data from the protein-coding genes will be needed to identify the above-mentioned isolates from USA.
Leptographium gibbsii, one of the three novel taxa emerging from this study, was
represented by only three isolates. These isolates originally were identified as L. serpens from
Hylastes ater and H. opacus infesting billets of P. sylvestris in UK (Wingfield and Gibbs 1991) . Neither L. serpens nor V. alacris has been reported from H. ater where the beetle has been examined for fungi elsewhere in the world (Harrington 1988 , Jacobs and Wingfield 2001 , Reay et al. 2005 , Romón et al. 2007 , Wingfield et al. 1988 , Zhou et al. 2004 . We also were unable to locate reports of fungal associates of H. opacus other than the study of Wingfield and Gibbs (1991) , which was the source of isolates used in the present study. It thus appears that L. gibbsii is not a common associate of these two beetles.
Isolates of L. yamaokae were collected from Pinus in Japan (Masuya et al. 2003 (Masuya et al. , 2009 . In an extensive survey of ophiostomatoid fungi on P. densiflora its many bark beetle associates and their galleries L. yamaokae was isolated from only 10 of 20 Hylastes plumbeus galleries and from two of 48 beetles of this species (Masuya et al. 2009 China (Lu et al. 2009a , 2009b , Paciura et al. 2010 . Considering the absence of this species from these studies in the Far East and the large number of beetle species investigated by Masuya et al. (2009) , the association between L. yamaokae and H. plumbeus could be quite specific.
Isolates of L. castellanum described in this study originated from an unknown Hylurgus species in Spain and from P. occidentalis in the Dominican Republic. The presence of this fungus in these two countries might be linked to the fact that the Dominican Republic was a colony of Spain for three centuries, which would have allowed for the easy movement of wood or wood products between them.
In 1982 L. galleciae Fern. Magán [as 'Gallaeciae'] was described from stressed P. Of the five species in the complex, G. serpens and G. alacris have been found associated with root diseases of pines. Grosmannia serpens was isolated from symptomatic P. pinea trees with a root disease in Italy (Lorenzini and Gambogi 1976) and G. alacris was isolated from diseased roots of P. pinaster and P. radiata in South Africa (Wingfield and KnoxDavies 1980, Wingfield and Marasas 1980) . Studies also showed that G. alacris can cause lesions when inoculated in pine seedlings and mature trees (Eckhardt et al. 2004 , Zhou et al. 2002 . None of these authors suggested that this fungus is a serious primary pathogen (Eckhardt et al. 2004 , Matusick et al. 2008 , Zhou et al. 2002 ). Yet among the fungi associated with conifer root-infesting bark beetles those in the G. serpens complex are among the most pathogenic. Because many of their vectors mature while feeding on healthy roots, these fungi might contribute to disease development in some situations. In this regard they deserve to be studied further. 
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